One contribution of 14 to a theme issue 'Toward the development of high-fidelity models of wall turbulence at large Reynolds number' .
This paper reports the first turbulence measurements performed in the Long Pipe Facility at the Center for International Cooperation in Long Pipe Experiments (CICLoPE). In particular, the Reynolds stress components obtained from a number of straight and boundary-layer-type single-wire and Xwire probes up to a friction Reynolds number of 3.8 × 10 4 are reported. In agreement with turbulent boundary-layer experiments as well as with results from the Superpipe, the present measurements show a clear logarithmic region in the streamwise variance profile, with a Townsend-Perry constant of A 2 ≈ 1.26. The wall-normal variance profile exhibits a Reynolds-number-independent plateau, while the spanwise component was found to obey a logarithmic scaling over a much wider wall-normal distance than the other two components, with a slope that is nearly half of that of the TownsendPerry constant, i.e. A 2,w ≈ A 2 /2. The present results therefore provide strong support for the scaling of the Reynolds stress tensor based on the attachededdy hypothesis. Intriguingly, the wall-normal and spanwise components exhibit higher amplitudes than in previous studies, and therefore call for follow-up studies in CICLoPE, as well as other large-scale facilities.
This article is part of the themed issue 'Toward the development of high-fidelity models of wall turbulence at large Reynolds number'. Note that mean and skinfriction measurements in the Superpipe exist at higher R + (grey line) and that the second line for the CoLaPipe (left triangle) indicates the return line. The highest Reynolds number for a DNS reported so far for turbulent pipe flow is the one by Ahn et al. [22] at R + = 3008. The solid vertical line refers to the criterion of a well-developed overlap region (R + > 13 300; see [33] ). The horizontal line gives the limit for * > 10 µm, which is the minimum requirement for a sufficient spatial resolution; see [33] for the reasoning of this threshold. The shaded region shows where the criteria for both spatial resolution and high enough Reynolds number are met. (Online version in colour.)
large-scale facilities and the Superpipe, while still allowing for the employment of standard measurement techniques without severe spatial and temporal resolution issues. 3 The initial experiments and first hot-wire measurements were taken within the EuHIT-funded Reynolds Stress Tensor Scaling in Turbulent Pipe Flow 4 (Re-Scale) project by the present authors. Within this project pressure-drop, single-wire and X-wire measurements covering the range 3000 < R + < 40 000 were performed between March 2015 and April 2016 following a number of preliminary measurements in which the flow quality, stability and development have been assessed. Here, the Reynolds stress components are reported for the first time and discussed, with the necessary reference to base flow and mean velocity measurements. The data will also be made available on the EuHIT TurBase Knowledge Base. 5 
Experimental set-up (a) The Long Pipe Facility at CICLoPE
The Long Pipe Facility at CICLoPE consists of a closed-loop wind tunnel, where a fully developed turbulent pipe flow is established at the downstream end of a 110.9 m long pipe. From the point of view of first-and second-order statistics, the flow can be considered fully developed as mean and variance profiles measured at different downstream stations in a preliminary set of measurements (not shown here) are indistinguishable; see also [35, 36] for similar studies.
The dimensions of the facility are imposed by the specifications detailed in [33] . The closedloop design ensures stable flow conditions and good flow quality; it includes a heat exchanger to control the temperature within the range of ±0.1 • C, and a flow-conditioning assembly composed of a honeycomb, five screens, a settling chamber and a convergent with contraction ratio 4 (figure 2a). The main element of the flow loop, which accounts for 60% of the total pressure losses, is a circular pipe of constant cross-section. The pipe has an inner diameter of 901 ± 0.1 mm, resulting in a length-to-diameter ratio of L/D = 123. The pipe is made of twenty-two 5 m long carbon-fibre elements (figure 2b), plus a final section of 1.5 m length, where the measurements are made. For technical details, the reader is referred to [34] .
(b) Measurement technique
Hot-wire anemometry measurements are performed within the shorter test section at L/D ≈ 122. The probes used are custom-made X-wire probes with 2.5 µm diameter platinum wires of 0.7 mm length and boundary-layer probes with the same wire and length of 0.6 mm. Additionally, a commercial Dantec 55P11 straight single-wire probe with a 5 µm tungsten wire has been used. The hot wires are operated in constant-temperature (CTA) mode via a Dantec Streamline 90N10 frame and 90C10 CTA channels with a resistance overheat ratio, a R = (R w − R a )/R a , of 100%, where R w is the operational hot-wire resistance and R a is the resistance of the hot wire at ambient air temperature. The sampling frequency is set to 60 kHz with a low-pass filter at f LP = 30 kHz for all cases which, for all except the Dantec probe, exceeds the cut-off frequency from a squarewave test by about two to three times, and fulfils the criteria f
for well-resolved small-scale turbulence measurements [27] . The sampling duration in terms of eddy-turn-over times (based on mean centreline velocity, U CL , and pipe radius, R) varied from around 2000 to 7000 for the low to high Reynolds number cases, leading to a statistical uncertainty below 1% and 5% for the mean and second-order statistics, respectively [37] . The flow and temperature stability were ensured for the duration of each profile measurement, accounting for 60-100 min for the high and low Reynolds number profiles, respectively, through inspection of the measured centreline velocity, the pressure drop and the air temperature. The velocity and angular calibrations for the X-wires and the Dantec probe were performed ex situ in a Dantec Streamline 90H02 external calibrator, while the boundary-layer probes were calibrated in situ at the centreline of the pipe against a Pitot tube in connection with a wall-pressure tap located at the same streamwise location as the hotwire sensor. While an ex situ calibration is preferred over an in situ one, it should be noted that no systematic differences could be observed between the two calibration methods (as will be shown). The hot-wire probes were mounted on a traversing system that consists of an aerofoil made of carbon fibre that slides through the pipe wall (figure 2c,d) and spans from the wall up to y/R ≈ 0.3, where y denotes the wall-normal distance. The probes were traversed via a stepper motor with a 5 µm resolution step and the position was retrieved using a Renishaw Tonic T100x relative optical linear encoder with a resolution of 0.5 µm. The mean centreline velocity was obtained through a Prandtl tube (or the aforementioned Pitot tube for measurements with the boundary-layer probes) connected to an MKS Baratron 120AD differential pressure transducer with a 1333 Pa range. The ambient pressure and temperature inside the test chamber were acquired, respectively, with a MKS Baratron 120A absolute pressure transducer and a PT 100 thermoresistor. The pressure drop along the pipe was scanned via the pressure taps placed on every pipe element connected to a 32-channel digital pressure scanner Initium, with a 2500 Pa range. However, only the last 30 m upstream from the measurement station were employed for the computation of the friction velocity, because this range was found to be free of development effects. 6 
Flow characterization
In this section, in order to show that the flow in the Long Pipe can be considered canonical, the mean velocity profiles and centreline turbulence quantities are presented and compared with the available literature.
(a) Centreline turbulence quantities
The streamwise velocity spectra for the range 3000 < R + < 36 000 are presented in figure 3a in Kolmogorov's scaling. For this purpose, the streamwise wavenumber was obtained through Taylor's hypothesis, i.e. k = 2π f /U CL , where f denotes the frequency. The dissipation required to obtain the Kolmogorov length scale, η = (ν 3 /ε) 1/4 , was computed through integration of the dissipation spectrum given by the isotropic relation [40] which, when compared with ε = A 1 u 3 τ /R (where u τ denotes the friction velocity), yields the constant A 1 = 1.6-1.8 in close agreement with results from the Superpipe [40] . As is apparent, the extent of the −5/3 range increases with Re and covers two decades at the higher Re end. A comparison with the well-known compilation by Saddoughi & Veeravalli [41] (not shown) was more than satisfactory. The turbulence statistics, i.e. turbulence intensity u /U, skewness S and flatness F, of the streamwise velocity component, as a function of the Reynolds number, are shown in figure 3b , where the prime denotes the root mean square value (RMS). The Reynolds-number invariance found for the skewness and flatness at the centreline is in accordance with findings from the Superpipe [5] as well as low Re pipe flow DNSs, which 'show nearly constant values with S ≈ −0.48 and F ≈ 3.4' [42] . The inner-scaled streamwise RMS values are also almost Re independent for low Re DNSs [42] , which, together with U + CL ∝ ln R + , result in a decrease in the turbulence intensity, which agrees qualitatively with the present as well as the Superpipe data.
(b) Mean velocity profiles
In order to assess the near-wall region without substantial blockage, the traversing system shown in figure 2c-d was utilized, which restricted the measurements to y/R < 0. [32] ), respectively, while the dashed line indicates the expected shift due to the wake component, i.e. 2Π/κ, where Π = 0.21 [39] . Successive profiles corresponding to different Re are offset by U + = 5 for clarity and the red solid line represents DNS at R + = 3008 [22] . Inset shows the percentage deviation of the friction velocity computed from a fit of the measured streamwise mean velocity (circles) [39] and Reynolds shear stress (crosses) (see for example [48] ) to the one obtained from the pressure-drop measurements. 
with κ and B denoting the von Kármán and additive constant (or 'coefficient'), respectively. To find the value of the von Kármán constant that most closely fits the data would require additional single-wire velocity measurements and an extensive discussion on the particular fitting method to be adopted [43] that is beyond the scope of this paper. Here, instead, we show the mean velocity profiles together with a logarithmic profile (as a reference line) with a value of κ = 0.39, as found in the most recent canonical wall-bounded turbulent flow studies [23, 32, 44, 45] in inner (figure 4a) scaling. However, the mean centreline velocity obtained through a Prandtl tube, or Pitot tube in conjunction with a wall pressure tap, appears low, as apparent from the expected wake contribution 2Π/κ, with the wake parameter Π ≈ 0.21 [39] . The mean velocity deficit also follows a logarithmic scaling (not shown here) according to
with the peculiarity that the additive constant B * is close to zero, which calls for further investigations. This is in particular crucial in order to establish a skin-friction relation,
that is self-consistent with equations (3.1)-(3.2), i.e. whether κ and the additive 'constants' are unique irrespective of the mean velocity or skin-friction relation or they differ and/or inherit Re dependencies. Inconsistencies among relations (3.1)-(3.3) have been reported before [46, 47] , but are not of concern for the purpose of this paper. Similarly, there appear to be inconsistencies when considering the integrated streamwise momentum equation, which yields that the total shear stress, i.e. the Reynolds shear stress when considering the region away from the wall, varies linearly across the pipe, thereby providing a direct check of the friction velocity; see for example [48] , where this relation has been exploited to calibrate X-wire probes. As apparent from the inset in figure 4a , the deduced friction velocity through a fit of the mean velocity profile (and even more so that obtained from the aforementioned total shear stress profile) deviates from the one obtained from the pressure-drop measurements. These observations call for detailed and concerted mean velocity, Reynolds shear stress and pressure-drop measurements in CICLoPE, in order to investigate the consistency between the different measurement methodologies.
Reynolds stresses (a) Streamwise component
Besides the established logarithmic behaviour for the mean velocity profile, recent data also support the existence of a logarithmic law for the streamwise velocity variance profile as predicted by the attached-eddy hypothesis [49] . Also higher-order even moments have been found to adhere to this scaling [7, 50] , although with some objections [8] . When it comes to the variance profile, the data are predicted, with increasing Re for a larger interior region, to follow y + /(R + ) 1/2 values of 2.6-3.9 [7, 32, 50] . It should be noted that, while the location of the lower bound for the logarithmic region in the aforementioned studies is found empirically, there is a physical basis, as argued by Klewicki and co-workers [52, 53] : this position, in fact, should locate the start of the region where the mean dynamics lose a leading-order viscous effect. This thus ensures a correspondence between the aforementioned empirical observation and the classical notion that the logarithmic layer is an 'inertial sublayer' in physical space. Considering the streamwise variance profiles in inner scaling (figure 5a), the profiles from the X-wire measurements in both the streamwise/spanwise and streamwise/wall-normal configurations agree exceptionally well with each other and are in agreement with the singlewire measurements, except for the lowest Reynolds number. This discrepancy might be related to difficulties in the calibration at low velocities, say mean velocities below 5 m s −1 , in which case the calibration needs to be accurate down to nearly 1 m s −1 [55] , which could not be ensured for the in situ calibration of the boundary-layer probes. Although the streamwise variance profile exhibits a mild second peak, the fact that the wire length in inner units L + increases up to 40 and 80 viscous units for the boundary-layer and Dantec probes, respectively, excludes the possibility of drawing any firm conclusions regarding this. By utilizing the spatial resolution correction outlined in [28] , it was found that the entire range covered by the X-wire measurements is virtually free of spatial resolution effects. The near-wall data from the single wires, on the other hand, are affected and the results from the correction scheme are shown in figure 5a as grey symbols. These corrected results will not be considered quantitatively, but will qualitatively serve several purposes: first, the question of whether the amplitude of the near-wall peak, located at y + ≈ 15, increases with Re in pipe flows (as it does for turbulent channel and boundary-layer flows) can be addressed. The data show an increase in the amplitude with Re. This is further illustrated through the dashed lines which indicate the prediction based on a compilation of canonical wall-bounded flow data given through (u 2 ) + = 3.63 + 0.65 ln R + [54] (alternatively, see [23] , which is solely based on channel-flow simulations and yields nearly identical values). Ignoring the lowest Re single-wire profile (which appears to be lower in amplitude than the X-wire results), the corrected profiles follow the prediction. The apparent Re trend thereby contradicts the conclusions from the Superpipe [15, 56] for which a Re-independent peak amplitude was reported. Second, the emergence of the so-called outer peak in the variance profile requires further high-quality data to ascertain whether it exists beyond doubt, i.e. beyond measurement uncertainty. As is apparent, the corrected data reduce the strength of this second peak nearly entirely, turning the hump into a plateau. Hence, it remains unclear whether the asymptotic state is described by a plateau [57] or the second peak is real [6, 21] . It should, however, be noted that the strength of the second peak, even at the present R + , is not expected to be stronger, as is apparent from the Superpipe results and also from predictions [58] . By restricting the data to R + ≥ 2.4 × 10 4 , the logarithmic scaling becomes apparent in figure 5b and covers a decade in terms of y/R for the highest Reynolds number profile. The obtained constants for equation (4.1) turn out to be very close to those found in other wall-bounded turbulent flows, i.e. a Townsend-Perry constant of A 2 = 1.26. The additive constant of B 2 = 1.91 is on the other hand higher than the one found in the Superpipe, i.e. B 2 = 1.48 [10] and 1.56 [32] , but appears to agree with the highest Re DNS for a pipe flow [22] (even if the logarithmic region is in this case still in its infancy).
To further assess the consistency of the data, but rely less on the absolute wall position or the friction velocity, the data are plotted in two different cross-plots. To eliminate the wall distance, relations (3.2) and (4.1) can be combined to yield the following expression for the variance [10] :
which is shown in figure 6a . If a logarithmic region exists within the same wall-normal distance in both the mean and variance profile, the data should follow a straight line with a slope of A 2 κ ≈ 0.5, which it does when restricting the dataset to 1.5 × 10 4 < R + < 3.8 × 10 4 . The exclusion of the low Re data is natural due to the requirement of a high Re to establish the logarithmic scaling in the variance profile (figure 5b), while the exclusion of the highest Re case points out a discrepancy in the expected centreline velocity. The logarithmic scaling of both the mean and variance profiles of the streamwise velocity component is hence evident, although the value of the additive constant of the mean velocity deficit profile B * , obtained through a fit of the data to relation (4. again what appears to be an underestimation of the centreline velocity, as observed in conjunction with the discussion related to figure 4a. To further eliminate the friction velocity as a parameter, the data are next plotted in the diagnostic plot [21, 58] ; this is an alternative scaling, in which the turbulence intensity is plotted against the mean velocity normalized by the centreline velocity rather than the wall distance. An increasingly large body of empirical evidence has been collected over recent years [8] ; this confirms that the turbulence intensity in the outer region follows a linear and more interestingly Re-independent scaling, such that u
where α and β are empirical constants. If the value of β is fixed to 0.243 (found from a compilation of pipe-flow experiments [58] ), the additive constant α agrees well with previous experiments. Note that the covered region 0.55 < U/U CL < 0.90 inherits the location at which both the Reynolds shear stress has its maximum [59] and the second peak in the variance is thought to appear [21] . It is also interesting to note that the DNS agrees exceptionally well with the present data and linear scaling, emphasizing the quality of the local turbulence measurements, while the discrepancy of the DNS in the inset of figure 6a, i.e. the horizontal shift compared with the present data, is related to the possible underestimation of the centreline velocity.
(b) Wall-normal and spanwise component
While the streamwise Reynolds normal stress as well as the Reynolds shear stress (due to its direct relation to the mean velocity gradient) have been well studied (except for pipe flows at high Re), the wall-normal and spanwise components could not be discussed in detail due to lack of data. As pointed out in the review by Kim [17] , the question of whether the streamwise and spanwise components can be scaled differently from the wall-normal component remains open. Analogous to the logarithmic scaling found for the streamwise variance profile, the attached-eddy model also predicts the following relations for the spanwise and wall-normal variance profiles (besides the constant shear-stress layer) valid within the logarithmic region [49] :
The Re-independent plateau for the wall-normal variance has previously been documented for R + > 1 × 10 3 [16, 60] , while the logarithmic scaling for the spanwise component has been observed only at Re that are assessable by DNS [20, 61] , contrary to its streamwise counterpart. When it comes to high Re pipe-flow experiments, only the wall-normal components have been measured before in the Superpipe, leading to B 2,v = 1.15 2 (= 1.32) [62] , which, despite its excessively long wire length (of up to L + = 1226), appears to agree with other studies at lower Re. On the other hand, recent experiments in turbulent boundary layers (including atmospheric flows) do not adhere to the prediction of equation (4.4) [63] or yield values that asymptote towards approximately 1.75 [64] . Considering the wall-normal and spanwise variance profiles, shown in figure 7a, it becomes apparent that the logarithmic scaling for the spanwise component is supported by the data even closer to the wall than indicated through the lower limit of y + = 3R + 1/2 . The wall-normal component instead yields a nearly constant broad plateau. It is interesting to note that recent experiments in turbulent boundary layers show a shoulder for the wall-normal component, i.e. the amplitude increasing throughout the logarithmic region with increasing wall distance [63, 65] . probe, since it should yield −1 and 0, respectively. As is apparent, the spanwise component of the Reynolds normal stress follows the logarithmic scaling over a larger wall-normal extent than its streamwise counterpart, with a Re-independent slope (A 2,w ≈ A 2 /2 = 0.63) and additive constant (B 2,w = 1.21). The wall-normal component also scales, with a shorter extent in terms of y/R that is comparable to that of the streamwise component. For both components the amplitudes appear to be higher than in other, predominantly numerical, studies [16, 20, 60, 61] , including those from the Superpipe [62] , but yield a value close to the asymptotic value found in [64] , i.e. B 2,v ≈ 1.80.
Conclusion
This paper reports the first hot-wire measurements performed in the Long Pipe Facility at CICLoPE. In particular, the Reynolds stress components obtained from a number of straight and boundary-layer-type single-wire and X-wire probes up to a friction Reynolds number of 3.8 × 10 4 are reported. In agreement with the most recent turbulent boundary-layer experiments, as well as Superpipe data, the present single and X-wire measurements show a clear logarithmic region in the streamwise variance profile, with a Townsend-Perry constant of A 2 ≈ 1.26. The wallnormal variance profile exhibits a plateau with a Re-independent amplitude of B 2,v ≈ 1.80, which is considerably higher than values found in the literature (which are below 1.4) but agrees with the asymptotic value observed in atmospheric flows. The spanwise component was found to follow a logarithmic scaling over a much wider wall-normal distance than the other two components, with a slope that is A 2,w ≈ A 2 /2. Hence, while the present results strong support for the scaling of the Reynolds stress tensor based on the attached-eddy hypothesis, the wall-normal and spanwise components are higher than in other pipe-flow studies and therefore call for follow-up studies in CICLoPE, as well as the other large-scale facilities mentioned in figure 1a. In particular, laser Doppler velocimetry and particle image velocity measurements are encouraged besides hot-wire measurements with multi-wire probes.
Data accessibility. The data will be made available on the EuHIT TurBase Knowledge Base page (https://www.euhit.org/infrastructures/turbase-knowledge-base) after an internal embargo.
